. Role of deadenylation and AUF1 binding in the pHresponsive stabilization of glutaminase mRNA.
transcription of the GA mRNA (14, 15) . Experiments that characterized the half-life of a chimeric ␤-globin-glutaminase (␤G-GA) mRNA in LLC-PK 1 -F ϩ cells, a pH-responsive line of porcine proximal tubule-like cells (11) , established that the 3Ј-untranslated region (3Ј-UTR) of the GA mRNA contains a pH-responsive instability element (12) . RNA gel-shift analysis demonstrated the presence of a protein in rat renal cortical cytosolic extracts that binds to the 3Ј-UTR of the GA mRNA with high affinity and specificity (20) . This binding interaction was mapped to a direct repeat of an 8-base AU sequence. Functional studies established that this sequence was both necessary and sufficient to impart a pH-responsive stabilization to a chimeric ␤G mRNA (21) . Subsequent studies identified -crystallin/NADPH quinone reductase as the primary protein in rat renal extracts that binds to the pH response element (pH-RE) (28) .
The rapid degradation of mammalian mRNAs is frequently initiated by the binding of proteins (25) that recruit a poly(A)-specific ribonuclease (9) and the exosome (30) to remove the poly(A) tail and accomplish a rapid 3Ј35Ј exonucleolytic degradation, respectively. In the current study, a tetracyclineresponsive promoter (23) was used to perform a pulse-chase analysis of the decay of newly synthesized ␤G-GA mRNA. The resulting data demonstrate that the pH-responsive stabilization of the ␤G-GA mRNA is associated with a proportional decrease in the rate of deadenylation. Additional studies established that recombinant AUF1, an AU-binding protein that enhances mRNA turnover (32) , also binds to the pH-RE with high affinity and specificity. Therefore, the enhanced binding of -crystallin to this site during acidosis (18) may block AUF1 binding and prevent the AUF1-mediated deadenylation and degradation of the GA mRNA.
MATERIALS AND METHODS

Materials.
Male Sprague-Dawley rats were purchased from Charles River. [␣- 32 P]dCTP (specific activity 3,000 Ci/mmol) was purchased from MP Biomedicals or Amersham Pharmacia Biotechnology. The animal protocols used in this study were received and approved by The University Animal Care and Use Committee as protocol 93-25DA-12. The oligolabeling kit was from Ambion. Restriction enzymes, RNase T1, T7 RNA polymerase, and yeast tRNA were acquired from Roche, New England Biolabs and MBI Fermentas. RNase H was purchased from Epicentre Technologies. GENECLEAN kits were obtained from Bio101. The pCRScript cloning kit was obtained from Stratagene. Micro Bio-spin columns and chemicals for acrylamide gels were purchased from Bio-Rad. RNasin was obtained from Promega. DMEM/F12 medium, Geneticin (G418), and hygromycin B were products of Sigma and Mediatech. A polyclonal antibody vs. AUF1 was obtained from Upstate. An expression plas-mid that encodes the p40 isoform of AUF1 was obtained from Dr. J. Wilusz. All other biochemicals were acquired from Sigma.
Synthesis of pTRE2 constructs. pTRE2 (Clontech) contains a tetracycline-responsive element (TRE) that includes seven direct repeats of a 42-bp sequence containing the tet operator positioned upstream of a minimal CMV promoter, a multicloning site, and the 3Ј-coding and 3Ј-untranslated regions of the rabbit ␤-globin gene. pTRE2 was digested with MluI and SapI to remove the ␤-globin sequence. A segment of p␤G-GA (12) containing the ␤-globin coding region, 960 bp of the GA 3Ј-UTR, and a segment of the bovine growth hormone (bGH) 3Ј-untranslated region containing the polyadenylation site was PCR amplified with primers containing unique MluI and SapI restriction sites. This fragment was cloned into pCR-Script SK(ϩ) at the SrfI site, amplified, and then ligated into the pTRE2 fragment to create pTRE2-␤G-GA. The p␤G and p␤G-GA(R2-I) plasmids (27) were digested with CelII and XbaI and the isolated fragments were inserted into pTRE2-␤G-GA that had been digested with CelII and XbaI. This procedure removed the GA 3Ј-UTR or replaced it with a 29-bp sequence containing the pH response element, respectively. The p␤G-mGA plasmid (19) was digested with NheI and NotI and the isolated fragment was inserted into pTRE2-␤G-GA that had been digested with NheI and NotI to produce a construct containing the GA 3Ј-untranslated region in which the pH response element was mutated to include GC bases.
Selection of stable cell lines. LLC-PK 1-F ϩ cells (11) were grown in a 50:50 mixture of DMEM and Ham's F-12 medium containing 5 mM glucose and 10% fetal bovine serum at 37°C in a 5% CO2 atmosphere. Normal medium (pH 7.4) contained 25 mM sodium bicarbonate, whereas acidic medium (pH 6.9) contained 10 mM sodium bicarbonate supplemented with 15 mM sodium chloride to maintain an equivalent osmolarity and sodium ion concentration. Clonal lines of LLC-PK1-F ϩ cells that stably express the tTA protein were produced by calcium phosphate transfection (1) of 3-day postsplit cells with the pTet-off plasmid and selection with medium containing 0.8 mg/ml G418. After 14 -21 days, colonies were selected and expanded in medium containing 0.2 mg/ml G418. The expanded cell lines were grown for 3 days on six-well plates using medium containing 1 g/ml doxycycline (Dox) and then transiently transfected with pTRE2-Luc. Approximately 16 h later, the medium was replaced with fresh medium with or without 1 g/ml Dox and the cells were cultured for an additional 32 h. Cell extracts were prepared and assayed using the reagents contained in the Luciferase Assay System (Promega). The firefly luciferase activities obtained for the various stable Tet-Off clonal lines were standardized per microgram of protein (24) . The fold-induction of the TRE2-Luc gene was calculated as the mean of the ratio of the specific luciferase activities measured in triplicate cultures grown in the absence and presence of Dox.
Clonal cell lines that stably express the various ␤G-GA constructs were prepared by cotransfection of LLC-PK1-F ϩ cells that express the tTA protein with the appropriate TRE2 plasmid and pcDNA3.1/Hygro (Invitrogen). At 48 h posttransfection, selection medium containing 0.2 mg/ml G418 and 0.8 mg/ml hygromycin was added. After 14 -21 days, individual colonies were isolated and expanded. The cell lines were tested for responsiveness by growing the cells for 48 h in the presence or absence of 0.5 g/ml Dox, a tetracycline analog. Total RNA was harvested and analyzed by Northern blotting.
Half-life analysis. For pulse-chase analysis, the stably transfected LLC-PK1-F ϩ cells were split 1:10 and grown for 5-7 days in normal medium containing 0.2 mg/ml G418 and 0.2 mg/ml hygromycin B. The cells were then grown for 48 h in pH 7.4 or 6.9 medium containing antibiotics and 25 ng/ml Dox. The cells were washed two times with phosphate-buffered saline and incubated in normal or acidic medium with antibiotics but without Dox for 3 h to create a transcriptional pulse. Then, fresh medium containing antibiotics and 1 g/ml Dox was added and total RNA was isolated at 0, 3, 6, and 9 h using the TRIzol reagent (Invitrogen). Control cells were grown for 48 h in the presence or absence of Dox. Alternatively, the stably transfected LLC-PK1-F ϩ cells were grown for 5-7 days and then maintained in normal or acidic medium minus Dox for 24 h. Subsequently, 1 g/ml Dox was added to each plate and total RNA was isolated at 0, 3, 6, and 9 h post-Dox addition. Control plates containing no Dox were harvested at 0 and 9 h.
Northern blot analysis. A 507-bp fragment of rabbit ␤-globin cDNA was excised by restricting pRSV-␤G (10) with HindIII and BglII. A 2.0-kb fragment of the 18 S ribosomal RNA cDNA from Acanthamoeba castellanii was obtained by restricting pAr2 (6) with HindIII and EcoRI. A 228-bp bGH fragment was excised from pCRScript-bGH with SphI. The fragments were separated on 1% agarose gels, excised, and purified using the GENECLEAN kit. The synthesis of oligolabeled cDNA probes and Northern blot analysis was performed as described previously (27) . The blots were exposed to a PhosphorImager screen and quantified using Molecular Dynamics Software. The level of the chimeric ␤-globin mRNA was divided by the level of the corresponding 18S rRNA to correct for errors in sample loading. The log of normalized data was then plotted vs. the time of addition of Dox.
RNase H treatment. A 26-nt deoxyoligonucleotide (GA oligo), which is complementary to the 3Ј-end of the GA sequence encoded by pTRE2-␤G-GA (bp 2514 -2539 of the GA cDNA), was synthesized by Macromolecular Resources (Fort Collins, CO). The sequence of the GA oligo is 5Ј-GACCGACAGCTACACACCACAGAGAG-3Ј. A 30-mer of oligo dT deoxyoligonucleotide was used to degrade the poly(A) tail of the mRNA. RNA samples, which were stored in Formazol, were precipitated with 4 vol of ethanol and a final concentration of 0.2 M sodium chloride and resuspended in 25 l of DEPC-treated water. RNase H treatment was performed as described previously (26) . Briefly, 10 g RNA, 1.0 l containing 50 pmol of GA oligo, and 1.0 l containing 50 pmol of oligo-dT (if needed) in 12.5 l were incubated at 55°C for 1 min. Next, 1.5 l of 10ϫ RNase H buffer (0.5 M Tris, pH 7.4, 1.0 M NaCl, 20 mM MgCl 2, and 10 mM dithiothreitol) and 1.0 l of freshly diluted RNase H (1 U/l) were added and the sample was incubated at 62°C for 15 min. Then, 25 l of denaturing buffer (20 l Formazol, 3 l 10ϫ MOPS, and 6 l 37% formaldehyde solution) were added and the mixture was incubated at 55°C for 5 min and then transferred to ice. RNase H-treated RNAs were mixed with 10 l of an RNase H gel loading buffer (50% glycerol, 1 mM EDTA, 0.25% bromophenol blue, 0.25% xylene cyanol, and 100 g/ml ethidium bromide) and subjected to Northern blot analysis using a 1.2% agarose gel. The blot was hybridized with the bGH probe.
Western blotting. Cytosolic extracts of rat renal cortex and of various cell lines were prepared as described previously (19) . The samples were separated by electrophoresis on a 10% SDS-polyacrylamide gel, transferred to a nitrocellulose membrane, and incubated with a 1:1,000 dilution of AUF1 antibody. The membrane was then incubated with a 1:15,000 dilution of horseradish peroxidase (HRP)-conjugated secondary antibody. Images were developed with Dura reagent (Pierce Chemicals) and visualized by brief exposure to X-ray film.
RNA EMSA. 32 P-labeled and -unlabeled GA(R2-I) and mutated forms of GA(R2-I) RNAs were synthesized as described previously (19) . An aliquot containing ϳ1-8 g of rat renal cortical protein or 12.5-100 ng of recombinant AUF1 was preincubated for 10 min at room temperature in binding buffer containing 0.5% Nonidet P-40, 1 mM dithiothreiotol, 2 g yeast t-RNA, 40 U of RNAsin, 10% glycerol, and 10 -70 fmol of 32 P-labeled RNA. The indicated excess of unlabeled RNA was added, and the reaction mixture was incubated at room temperature for 20 min. The samples were then loaded and subjected to electrophoresis for ϳ2 h at 10 mA using a 90 mM Tris, 110 mM boric acid, and 2 mM EDTA running buffer. Gels were dried and exposed overnight to a PhosphorImager screen. In the antibody supershift experiments, the anti-AUF1 antibody was preincubated with the rat renal cytosolic extract for 10 min at room temperature and then for 1 h on ice before the binding buffer was added.
Statistical analyses were performed using a paired Student's t-test.
RESULTS
Effect of medium pH on deadenylation of ␤G-GA mRNA.
Clonal cell lines that stably express the tTA protein, a tetracycline-responsive transcription factor, were isolated by transfection of LLC-PK 1 -F ϩ cells with pTet-off and selection with G418. Their Dox responsiveness was tested by transient expression of pTRE2-Luc in cells that were maintained in the presence or absence of Dox. The 8C line of LLC-PK 1 -F ϩ cells showed the greatest induction of luciferase activity. With the use of 0.3 g of pTRE2-Luc DNA, they produced a 200-fold difference in luciferase activity when grown in the presence and absence of 1 g/ml Dox. Therefore, the 8C line of LLC-PK 1 -F ϩ cells was used for the subsequent experiments. Clonal cell lines that stably express pTRE2-␤G-GA were isolated by cotransfection of the 8C cells with pcDNA3.1/ Hygro and selection with hygromycin. The isolated cell lines were tested for Dox-responsive ␤G-GA expression by culturing the cells in the presence or absence of Dox and quantifying ␤G-GA mRNA expression by Northern blot analysis. Cell lines were evaluated based on the level of ␤G-GA mRNA expressed in the presence of Dox and the increased expression produced by removal of Dox. The selected 8C-2A cell line exhibited a 50-fold difference in the levels of ␤G-GA mRNA when grown in the presence or absence of 0.5 g/ml Dox (Fig. 1) .
Previous experiments characterizing the half-lives of various ␤G-GA chimeric mRNAs used the Rous sarcoma virus longterminal repeat (RSV) promoter to drive transcription (20) . The level of ␤G-GA mRNA transcribed from the tetracyclineresponsive promoter in the absence of Dox was far greater than the level of mRNA synthesized from the RSV promoter (Fig.  1) . To create a level of ␤G-GA mRNA similar to that produced with the RSV promoter, transcription was initially inhibited by adding 25 ng/ml Dox for 48 h. Dox was then removed from the selected cells to create a pulse of transcription and RNA was isolated at various times. The level of ␤G-GA mRNA produced by a 3-h transcriptional pulse was comparable to the level of ␤G-GA mRNA produced by the RSV promoter (Fig.  1) . Therefore, a 3-h transcriptional pulse should provide a level of newly synthesized and adenylated ␤G-GA mRNA that is sufficient to follow decay and deadenylation.
To perform a pulse-chase analysis, the selected cells were maintained in normal or acidic medium containing 25 ng/ml Dox for 48 h. A 3-h pulse was created by removing Dox and then chased for 0, 3, 6, and 9 h following addition of 1 g/ml Dox. The half-life of ␤G-GA mRNA in cells cultured in normal medium was 2.9 h. However, when the cells were maintained in acidic conditions, the ␤G-GA mRNA was significantly stabilized and now decayed with a half-life of ϳ40 h (Fig. 2 ). An oligonucleotide (GA oligo), which specifically hybridizes to the 3Ј-end of the GA sequence, was used along with RNase H to cleave the ␤G-GA mRNA and to produce a short 3Ј-fragment (Poly A ϩ ) that contains the poly(A) tail (Fig.  3A) . Oligo(dT) was also added to an aliquot of the zero-time RNA sample to remove the poly(A) tail from the ␤G-GA Fig. 1 . Comparison of ␤-globin-glutaminase (␤G-GA) mRNA expression from a Rous sarcoma virus (RSV) promoter and the tetracycline-responsive promoter. RNA was isolated from LLC-PK1-F ϩ cells that were stably transfected with ␤G-GA constructs that are driven by a RSV long-terminal repeat or a promoter containing multiple tetracycline-responsive elements (TRE). Cells expressing pTRE-␤G-GA were grown in the presence (ϩ) or absence (Ϫ) of 25 ng/ml doxycycline (Dox) for 48 h or in the presence of Dox and then maintained for 3 h in medium minus Dox (Ϯ3 h). Isolated RNAs were subjected to Northern blot analysis and the levels of ␤G-GA mRNA were quantified by PhosphorImager analysis. The relative levels were calculated by normalizing the data to the levels of ␤G-GA mRNA expressed in cells maintained in the presence of Dox for 48 h. Fig. 2 . Pulse-chase analysis of the half-life (t1/2) of ␤G-GA mRNA. A: ␤G-GA mRNA contains the coding region of the ␤-globin mRNA, a 960-bp segment of 3Ј-UTR of the GA mRNA containing the pH response element (pHRE), and a short segment of the 3Ј-UTR of bovine growth hormone (bGH) mRNA that contains a polyadenylation site. B: Northern blot analysis of ␤G-GA mRNA isolated from LLC-PK1-F ϩ cells that stably express pTRE2-␤G-GA. Cells were maintained in either normal (pH 7.4) or acidic (pH 6.9) medium containing 25 ng/ml Dox for 48 h. The cells were then washed with phosphatebuffered saline and incubated in medium minus Dox for 3 h to create a transcriptional pulse. RNA was isolated at 0, 3, 6, and 9 h after addition of fresh medium containing 1 g/ml Dox. C: relative levels of ␤G-GA mRNA were determined by PhosphorImager analysis. The level of ␤G-GA mRNA was divided by the corresponding level of 18S rRNA to correct for errors in sample loading. The log of the normalized data was then plotted vs. time of treatment with Dox. Values are means Ϯ SE of data obtained from 3 separate determinations. The line represents the best-fit of the data points as determined by a KaleidaGraph program that weights each data point based on its standard deviation.
mRNA, creating a 330-nt deadenylated RNA fragment (Poly A Ϫ ). The 3Ј-fragments were detected by Northern blot analysis using a 32 P-labeled cDNA probe that specifically hybridizes to the bGH sequence within the 3Ј-end of the ␤G-GA mRNA.
The adenylated and the fully deadenylated RNA fragments were easily resolved, making it feasible to monitor the extent of deadenylation of the ␤G-GA mRNA. The 3Ј-ends of the ␤G-GA mRNAs harvested from cells maintained in normal medium appear to exhibit a synchronous or nonprocessive pattern of deadenylation (Fig. 3B) . However, the 3Ј-fragments containing the shortened poly(A) tail decay at a rate similar to that observed with the full-length mRNA. If complete removal of the poly(A) is required to initiate decay, then a portion of the ␤G-GA mRNA must undergo a more rapid and processive deadenylation to form a transient, but fully deadenylated, intermediate that is rapidly degraded and does not accumulate. As a result, the synchronous deadenylation of the ␤G-GA mRNAs would appear to occur concomitantly with the decay of the body of the chimeric mRNA. When the cells were treated with acidic medium, the rates of synchronous deadenylation (formation of shorter 3Ј-fragments) and processive deadenylation (decay of 3Ј-fragments) of the ␤G-GA mRNA were significantly inhibited. Therefore, the pH-responsive stabilization correlates with a decrease in both the rate and the extent of deadenylation of the ␤G-GA mRNA.
Functional analysis of the pH-RE. As reported previously (20) , the chimeric ␤-globin mRNA lacking sequence from the GA 3Ј-UTR is extremely stable. However, the insertion of a 29-bp segment containing the pH-RE is sufficient to create a labile mRNA that decayed with a half-life of 3.0 h in LLC-PK 1 -F ϩ cells that were maintained in normal medium (Fig. 4) . When transferred to acidic medium, the ␤G-GA(R2-I) mRNA decayed with a half-life of ϳ17 h. Thus this segment functions both as an instability element and as a pH-RE. In contrast, the ␤G-mGA mRNA, which contains the GA 3Ј-UTR in which the AU-rich pH-RE was mutated to the Mut3 sequence shown in Fig. 8A , is degraded rapidly in cells that are grown in either normal or acidic medium (Fig. 5) . Thus the 3Ј-UTR must contain multiple instability elements that contribute to the rapid turnover of the GA mRNA.
Binding of AUF1 to the pH-RE. AUF1 binds to various AU-rich elements (AREs) and enhances the mRNA degradation (32) . Previous studies (19, 27) demonstrated that GA(R2-I), a 29-bp RNA segment that contains the pH-RE and surrounding sequence within the GA mRNA, forms a specific complex when incubated with a cytosolic extract of rat kidney Fig. 3 . Effect of medium pH on deadenylation of ␤G-GA mRNA. A: treatment of ␤G-GA mRNA with RNase H in the presence of the GA oligo produces a 3Ј-fragment (Poly A ϩ ) that contains 330 nt plus the poly(A) tail. When oligo(dT) was also added, a fully deadenylated 330-nt RNA fragment is produced (Poly A Ϫ ). B: RNAs isolated from cells grown in normal (pH 7.4) or acidic (pH 6.9) medium and analyzed in Fig. 2 were treated with RNase H and the GA oligo in the absence (Ϫ) or presence (ϩ) of oligo(dT). The resulting 3Ј-fragments were quantified by Northern analysis using a 32 P-labeled cDNA that specifically hybridizes to the segment of bGH contained in the 3Ј-fragments. Fig. 4 . Half-life analysis of ␤G-GA(R2-I) mRNA. A: ␤G-GA(R2-I) mRNA contains the coding region of the ␤-globin mRNA, a 29-bp segment of 3Ј-UTR of the GA mRNA containing the pHRE, and a short segment of the 3Ј-UTR of bGH mRNA that contains a polyadenylation site. B: Northern blot of RNA isolated from cells that stably express the pTRE-␤G-GA(R2-I) construct. Cells were cultured in normal or acidic medium in the absence of Dox for 48 h and then transferred to media containing 1 g/ml Dox. RNA was isolated at various times after addition of Dox and probed for ␤G-GA(R2-I) mRNA and 18S rRNA. C: level of ␤G-GA(R2-I) mRNA was divided by the corresponding level of 18S rRNA to correct for errors in sample loading. The log of the normalized data was then plotted vs. time of treatment with Dox. Values are means Ϯ SE of data obtained from 3 separate determinations. The line represents the best-fit of the data points as determined by a KaleidaGraph program that weights each data point based on its standard deviation.
cortex. Preincubation of the cytosolic extract with AUF1-specific antibodies results in the reproducible formation of a complex that exhibits a slightly slower electrophoretic mobility (Fig. 6A) . No shift was observed when the cytosolic extract was preincubated with an equivalent amount of an unrelated antibody (data not shown). The observed shift suggests that AUF1 may bind to the GA(R2-I) RNA. Western blot analysis was performed to determine whether AUF1 is expressed in rat kidney cortex and in various proximal tubule cell lines (Fig.  6B) . Jurkat cell extracts were used as a positive control (17) . They express the four isoforms of AUF1 (p37, p40, p42, and p45) that are produced by alternative splicing of the initial AUF1 transcript (31) . Rat kidney cortex contains significant levels of the p37, p40, and p42 isoforms of AUF1, whereas the LLC-PK 1 -F ϩ and WKPT (13) proximal tubule cells express differing amounts of the four isoforms.
The p40 AUF1 isoform is predominantly cytoplasmic (37) and hence was utilized in the following binding experiments. Increasing amounts of the purified recombinant p40 AUF1 form multiple complexes when incubated with the GA(R2-I) RNA (Fig. 7A) . This pattern is characteristic of the fact that AUF1 forms dimers and larger oligomers on binding to AUrich sequences (35) . The observed binding of AUF1 is competed by increasing concentrations of unlabeled GA(R2-I) RNA, but not by a nonspecific RNA segment (pBSSK) that was transcribed from the multicloning site of pBluescript-SK(Ϫ) (Fig. 7B) . Thus the observed binding interaction is specific. The complexes formed between AUF1 and the GA(R2-I) RNA are similar to those observed when AUF1 is incubated with a short RNA that contains the canonical AUUUA element (Fig. 8) . AUF1 also binds to GA(R2-I) segments in which one of the two AU sequences is mutated to contain GC-nucleotides (Mut1 and Mut2). However, AUF1 does not bind to an GA(R2-I) segment in which both AU sequences are mutated (Mut3).
Scatchard analysis was performed to determine the dissociation constant (K d ) for AUF1 binding to the GA(R2-I) RNA. When 80 ng of recombinant AUF1 were incubated with 70 fmol of 32 P-labeled R-2I RNA, approximately one-third of the labeled probe formed a complex (Fig. 9A) . The intensity of the shifted band decreased as the amount of unlabeled R-2I RNA was increased. The relative intensities of the bands that correspond to the bound and free probe were quantified by PhosphorImager analysis. These data along with the knowledge of the concentration of total probe in each sample were then used to calculate the concentrations of bound and free probe. The resulting values were plotted in the form of a Scatchard plot Fig. 8 (m-pHRE) , and a short segment of the 3Ј-UTR of bGH mRNA that contains a polyadenylation site. B: Northern analysis of RNA isolated from cells that stably express the pTRE␤G-mGA construct. Cells were cultured in normal or acidic medium in the absence of Dox for 48 h and then transferred to media containing 1 g/ml Dox. RNA was isolated at various times after addition of Dox and probed for ␤G-mGA mRNA and 18S rRNA. C: level of ␤G-mGA mRNA was divided by the corresponding level of 18S rRNA to correct for errors in sample loading. The log of the normalized data was then plotted vs. time of treatment with Dox. Values are means Ϯ SE of data obtained from 3 separate determinations. The line represents the best-fit of the data points as determined by a KaleidaGraph program that weights each data point based on its standard deviation. Fig. 6 . Presence of AUF1 in kidney cell extracts. A: RNA gel-shift analysis of 32 P-GA(R2-I) RNA binding to a cystolic extract of rat kidney cortex. The kidney extract was preincubated in the absence (Ϫ) and presence (ϩ) of AUF1-specific antibodies before addition of 32 P-GA(R2-I) RNA. The resulting complexes were subjected to nondenaturing polyacrylamide gel electrophoresis and visualized with a PhosphorImager. The arrows indicate the positions of the complexes that are formed in the presence (ϩAb) and absence (ϪAb) of AUF1 antibody. B: Western blot analysis of cytosolic extracts. Samples containing 20 g of cytosolic proteins isolated from rat kidney cortex, from Jurkat cells, and from LLC-PK1-F ϩ and WKPT cells, porcine and rat renal proximal tubule-like cell lines, respectively, were fractionated on a 10% SDS-polyacrylamide gel and then probed with AUF1-specific antibodies. (Fig. 9B) . Linear regression analysis of the plotted data indicated that the recombinant AUF1 binds the GA(R2-I) RNA with a K d of ϳ2 M.
DISCUSSION
A tetracycline-responsive expression (Tet-off) system (23) was used to characterize the potential role of deadenylation in the degradation of the GA mRNA. With this system, it is feasible to inhibit the synthesis of a single mRNA through the addition of a nontoxic level of Dox, instead of using 5-6 dichloro-1-␤-ribofuranosylbenzimidazole (DRB), a general inhibitor of pol II transcription. Thus this approach avoids potential nonspecific effects that may be caused by the rapid decay of regulatory proteins or nucleases that participate in mRNA turnover. As a result, this protocol should also provide a more accurate quantification of the half-life of a mRNA.
When fully induced, the tetracycline-responsive promoter produced a significantly greater level of ␤G-GA mRNA than observed in previous experiments that used an RSV promoter to drive the synthesis of the reporter mRNA (12, 19) . To avoid expression of very high levels of ␤G-GA mRNA that might exceed the amount of -crystallin and/or other factors needed to accomplish a pH-responsive stabilization, a pulse-chase protocol was used to characterize the turnover of the ␤G-GA mRNA. With the use of this protocol, the levels of newly synthesized ␤G-GA mRNA were similar to those produced constitutively from the RSV promoter. None of the cell lines selected for stable expression of the ␤G-GA(R2-I) or ␤G-mGA mRNA produced the same rapid and pronounced increase, during a 3-h pulse, as observed with the 8C-2A line that expresses the ␤G-GA mRNA. As a result, it was not feasible to perform pulse-chase analysis with the truncated or mutated construct. However, the fully induced levels of the ␤G-GA(R2-I) and ␤G-mGA mRNAs were similar to that produced following a 3-h pulse of the ␤G-GA mRNA (data not shown). Thus all of the half-life analyses were performed using a similar level of expression of the reporter mRNA.
Using the pulse-chase protocol, the ␤G-GA mRNA was degraded with a half-life of 2.9 h in LLC-PK 1 -F ϩ cells that were maintained in normal medium and a 14-fold stabilization was observed when the cells were transferred to an acidic medium. In the previous study that used DRB to inhibit transcription, a half-life of 5.8 h and a 2.5-fold pH-responsive stabilization were observed for this construct (19) . Therefore, data obtained using this less intrusive protocol both confirm and refine the previous conclusions that the 3Ј-UTR of the GA mRNA contains instability elements and confers a pH-responsive stabilization of the ␤G-GA mRNA under acidic conditions. 32 P-GA(R2-I) RNA was incubated with the indicated ng amounts of purified recombinant p40 AUF1. B: competition analysis was performed by incubating 32 P-GA(R2-I) RNA and recombinant p40 AUF1 in the absence and presence of the indicated fold-excess of unlabeled GA(R2-I) RNA or a nonspecific RNA transcribed from pBluescript-SK(-) (pBSSK). In both experiments, the resulting complexes were separated on a nondenaturing polyacrylamide gel and visualized with a PhosphorImager. The arrows indicate the positions of the protein/RNA complexes. The total RNAs isolated from the transcriptional pulse analysis were also used to determine the mechanism of decay of the ␤G-GA mRNA. It was hypothesized that deadenylation would precede its decay as the 3Ј-UTR of GA contains AREs. Therefore, the isolated RNAs were incubated with a GAspecific oligonucleotide and digested with RNase H to produce a fragment of the 3Ј-UTR that was suitable for monitoring deadenylation (Fig. 3) . Deadenylation of the ␤G-GA mRNA appeared to be synchronous under both normal and acidic conditions. Synchronous deadenylation is consistent with a distributive or nonprocessive ribonucleolytic removal of the poly(A) tail. Synchronous deadenylation has been observed in mRNAs containing both class I or class III ARE (2) . Because the GA pH-RE lacks the canonical AUUUA sequence, it would be classified as a class III ARE. Thus the observation of distributive deadenylation by the ␤G-GA mRNA is consistent with the previous classification. However, when only synchronous deadenylation occurs, the body of the mRNA is not degraded until the mRNA is fully deadenylated. With the ␤G-GA mRNA, the body of the mRNA is degraded concomitant with the synchronous formation of a shortened, but not fully deadenylated poly(A) tail. Thus some of the ␤G-GA mRNA may undergo a more rapid, but processive, deadenylation to yield a fully deadenylated mRNA that is degraded as rapidly as it is produced. The latter process would determine the rate of turnover of the ␤G-GA mRNA.
When the LLC-PK 1 -F ϩ cells were transferred to acidic medium, both the rate and extent of deadenylation were significantly inhibited. This suggests that the factors that normally bind to the instability elements of the GA mRNA are either modified or displaced by alternative factors. As a result, the processive component of the deadenylation must be inhibited while the rate of synchronous deadenylation is also reduced significantly. Such changes in deadenylation would be sufficient to stabilize the GA mRNA. The observed changes in decay rates that were quantified with the ␤G-GA(R2-I) and ␤G-mGA mRNAs confirm the previous conclusion that the pH-RE is both sufficient and necessary to produce a pHresponsive stabilization (19) . However, the observations that the ␤G-GA(R2-I) mRNA exhibits only a 5.5-fold stabilization, while the ␤G-mGA mRNA is degraded with a half-life similar to the ␤G-GA mRNA, strongly indicate that the 3Ј-UTR of the GA mRNA contains additional instability element(s) that may also participate in the pH-responsive stabilization. Additional experiments are needed to identify the remaining element(s) and the proteins that bind to these sequences.
ARE-mediated decay of mRNAs is usually proceeded by rapid deadenylation (2) . AUF1 is a protein that binds to AREs within various mRNAs and enhances the rate of degradation (7, 33) . Thus the observation that deadenylation occurs concomitantly with the rapid degradation of the ␤G-GA mRNA suggested that AUF1 may participate in this process. This hypothesis is supported by the observations that treatment with anti-AUF1 antibodies produces a slight supershift of the GA(R2-I) RNA/protein complex formed with a cytosolic extract of rat kidney and that recombinant p40 AUF1 exhibits specific binding to the pH-RE within the GA(R2-I) RNA. Analysis using the mutated GA(R2-I) RNAs indicates that a single 8-base AU-element is sufficient for AUF-1 binding. The same elements also bind -crystallin with high affinity and specificity (28) , suggesting that the two proteins may compete for binding. Unfortunately, the recombinant p40 AUF1 and the affinity-purified rat kidney -crystallin form complexes that have identical mobility on a nondenaturing polyacryalamide gel (data not shown). Thus it was not feasible to test this hypothesis using the current RNA gel-shift protocol. However, previous studies demonstrating that AUF1 and HuR, an RNAstabilizing protein, compete for binding to multiple AREs (16) support the feasibility of this hypothesis.
Scatchard analysis demonstrated that the interaction between recombinant p40 AUF1 and the GA(R2-I) RNA has a K d of 2 M. By contrast, fluorescence anisotropy measurements indicated that recombinant p40 AUF1 binds to the ARE of TNF-␣ mRNA with a 50-fold greater affinity (34) . However, this same analysis demonstrated that phosphorylation of AUF1 affects the affinity and physical interaction between AUF1 and an ARE. With the use of Scatchard analysis, affinity-purified -crystallin was also shown to bind to the GA(R2-I) RNA with a K d of 20 -40 nM (18) . However, recombinant -crystallin bound the GA(R2-I) RNA with an affinity similar to that of the recombinant p40 AUF1 (data not shown). Thus it will be important to determine whether the onset of acidosis alters the phosphorylation states of AUF1 and/or -crystallin and whether these changes affect their relative binding interaction with the pH-RE.
The combined observations support the following hypothesis for the mechanism by which changes in acid-base balance determine the stability of the GA mRNA. In normal acid-base balance, AUF1 preferentially binds to the pH-RE and recruits the protein complexes that account for the rapid removal of the poly(A) tail and promotes the subsequent degradation of the GA mRNA. The onset of acidosis is likely to activate a specific signaling mechanism (8, 22 ) that may result in covalent modification of -crystallin and/or AUF1 and the preferential binding of -crystallin to the pH-RE. As a result, the interaction of the deadenylase with the poly(A) tail is reduced. This results in the prolonged maintenance of the poly(A) tail and the increased stability of the GA mRNA. This hypothesis suggests numerous experiments that can be performed to further characterize the underlying mechanism and the regulation of this important adaptive response.
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